Tolerance to the analgesic effects of opioids occurs after their chronic administration, a pharmacological phenomenon that has been associated with the development of abnormal pain sensitivity such as hyperalgesia. In the present study, we investigated the role of TRPV1, which is crucial for the transduction of noxious chemical and thermal stimuli, in morphine tolerance and tolerance-associated thermal hyperalgesia. After chronic morphine treatment, a marked increase in TRPV1 immunoreactivity ( 
Introduction
Besides the known side effects, the clinical utility of opioid analgesics is often hampered by the development of tolerance that necessitates dose escalation regardless of disease progression. The development of opioid tolerance has also been associated with enhanced pain sensitivity such as hyperalgesia in both laboratory and clinical settings (Sjogren et al., 1993; Mao et al., 1994 Mao et al., , 2002 Vanderah et al., 2000 Vanderah et al., , 2001 . There is emerging evidence suggesting that opioid tolerance and pathological pain may share common cellular mechanisms (Mao et al., 1995a; Mayer et al., 1999) , and the abnormal pain elicited by opioids is a critical factor in the behavioral manifestation of opioid tolerance because the same manipulations that block abnormal pain also block opioid tolerance (King et al., 2005b; Ossipov et al., 2005) . Despite considerable progress, the molecular and cellular mechanisms mediating morphine tolerance are not yet completely understood.
The TRPV1 receptor, which plays a critical role in the transduction of noxious chemical and thermal stimuli (Caterina et al., 1997 (Caterina et al., , 2000 , is a nonselective cation channel gated by noxious heat, protons, and capsaicin. TRPV1 is observed in primary sensory neurons and in both central and peripheral sensory terminals of neurons (Szallasi et al., 1995 (Szallasi et al., , 2006 Tominaga and Julius, 2000) . It appears to be critical in the development of thermal and mechanical hyperalgesia under pathological conditions (Caterina et al., 2000; Levine and Alessandri-Haber, 2007; Ma and Quirion, 2007) . TRPV1 can be modulated by numerous mediators, including growth factors, neurotransmitters, peptides or small proteins, lipids, chemokines, and cytokines (Ma and Quirion, 2007) . Furthermore, it has been suggested that nerve growth factor leads to an increase in TRPV1 levels in dorsal root ganglion (DRG) neurons and inflamed skin through the activation of p38 mitogen-activated protein kinase (MAPK) and that phosphatidylinositol 3-kinase induces heat hyperalgesia, possibly by regulating TRPV1 activity, in an extracellular signal-regulated protein kinase (ERK)-dependent manner (Zhuang et al., 2004) . These studies imply that TRPV1 is not simply a thermoreceptor, but its activity is modulated by various molecules that act through distinct pathways. MAPKs, consisting of p38, ERK, and c-Jun N-terminal kinase (JNK), are downstream to many kinases and are activated in primary sensory neurons, dorsal horn neurons, and spinal glial cells by nociceptive stimuli, growth factors, and inflammatory mediators, contributing to the induction and maintenance of sensitization via transcriptional, translational, and posttranslational regulation. Inhibition of MAPKs has been shown to attenuate inflammatory and neuropathic pain (Ji, 2004; Ma and Quirion, 2005; Ji et al., 2007) . Data from in vitro and in vivo experiments suggest that the phosphorylation of MAPK and cAMP response element-binding protein (CREB) plays a role in the chronic morphine-induced increase in calcitonin gene-related peptide (CGRP) and substance P (SP) levels in DRG neurons, indicating that MAPK inhibitors might have the potential to block or reverse tolerance to morphine-induced antinociception (Ma et al., 2001) . Intrathecal administration of SB203580 [4-(4-fluorophenyl)2-(4 -methylsulfinylphenyl)-5-(4-pyridyl)-1Himidazole], a specific p38 inhibitor, significantly attenuated the tolerance to morphine analgesia (Cui et al., 2006) . Furthermore, attenuation of spinal ERK phosphorylation by intrathecal administration of the MAPK kinase (MEK) inhibitor U0126 [1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene] or knockdown of spinal ERK by antisense oligonucleotides not only decreased the scores of morphine withdrawal but also attenuated withdrawal-induced allodynia (Cao et al., 2005) .
Although TRPV1 has been implicated in thermal hyperalgesia under pathological conditions, it is not clear whether it plays a role in morphine tolerance and associated thermal hyperalgesia. Because morphine tolerance and pathological pain are supposed to share similar mechanisms (Mao et al., 1995a; Mayer et al., 1999) , we tested the hypothesis that activation of TRPV1 contributes to morphine tolerance. Furthermore, we investigated the involvement of the MAPK signaling pathway in the activation of TRPV1 induced by chronic morphine exposure.
Materials and Methods
Animals. Male Sprague Dawley rats (220 -250 g; Charles River) were used in all experiments. Animals were housed on a 14/10 h light/dark cycle with standard rodent chow and water available ad libitum. All experiments were approved by the Bavarian state authorities and were in accordance with Ethical Guidelines for Investigators of Experimental Pain in Conscious Animals (Zimmermann, 1983) .
Intrathecal catheterization and drug delivery. A polyethylene PE10 catheter was implanted in the lumbar subarachnoid space during deep isoflurane anesthesia according to the method described previously (Yaksh and Rudy, 1976) . Animals were allowed to recover for at least 7 d before experiments. Those rats exhibiting postoperative neurological deficits (e.g., paralysis) or poor grooming were killed. For the "control" and "morphine tolerance" groups, rats were intraperitoneally injected twice daily with normal saline (NS) or morphine sulfate (Merck) at 10 mg/kg body weight at 12 h intervals (8:00 A.M. and 8:00 P.M., days 1-8), and 10 l of 25% DMSO as a vehicle was intrathecally injected, followed by 10 l of NS flush, 30 min before morning NS or morphine injection. For the "inhibitor/antagonist plus morphine" groups, 10 l of the inhibitors or antagonist, including the selective p38 inhibitor SB203580 (10 g; Calbiochem), the selective MEK1/2 inhibitor U0126 (10 g; Calbiochem), the selective TRPV1 antagonist SB366791 [N-(3-methoxyphenyl)-4-chlorocinnamide] (30 g; Sigma), and the selective JNK inhibitor SP600125 (anthra[1,9-cd]pyrazol-6(2 H)-one) (50 g; Calbiochem) dissolved in 25% DMSO (Sigma), except for SP600125 in 40% DMSO, were intrathecally injected, followed by a 10 l NS flush 30 min before the morning morphine challenge on each testing day (days 1-8). For testing of the effect of the inhibitors or antagonist per se, rats were intrathecally injected with the inhibitors or antagonist 30 min before the morning NS injection for the next 8 d.
Behavioral testing. To test morphine tolerance, 30 min after the morning intraperitoneal injection of NS or morphine from day 1 to day 8, sensitivity to noxious heat was assessed using the device of Hargreaves et al. (1988) purchased from Ugo Basile. A radiant heat source was focused on the plantar surface of the hindpaw, and the time from the initiation of the radiant heat until paw withdrawal [paw-withdrawal latency (PWL)] was measured automatically. Additionally, rats were tested for toleranceassociated thermal hyperalgesia on day 8 before the last morning NS or morphine challenge. A maximal cutoff of 25 s was used to prevent tissue damage. Left and right paws were randomly tested once; the mean withdrawal latency was calculated from both sides. The behavioral testing was done by an investigator blind to the treatment.
Immunohistochemistry. The L4 DRGs, L4 -L5 spinal cord, and the mid-sciatic nerve with a length of 1 cm were removed on day 8 after behavioral testing. The tissues were mounted in Tissue Tek OTC (Dialec) embedding compound, quickly frozen in liquid nitrogen, and stored at Ϫ 80°C. DRGs (30 m), spinal cord (30 m), and sciatic nerve (10 m) were sectioned on a cryostat and thaw mounted onto Superfrost Plus slides (Langenbrinck). The following antibodies were used for DRG immunohistochemistry using the ABC method: polyclonal rabbit antibodies for phosphorylated p38 (p-p38) (1:100; Cell Signaling Technology), p-ERK1/2 (1:50; Cell Signaling Technology), p-stress-activated protein kinase (SAPK)/JNK (1:50; Cell Signaling Technology), and TRPV1 (1: 500; Affinity BioReagents). DRG sections were air dried for 30 min, blocked for 30 min with 0.3% H 2 O 2 diluted in methanol, and then incubated overnight at 4°C with primary antibodies as above. On the following day, they were incubated with biotinylated secondary antibodies (Vector Laboratories) for 30 min and with avidin-biotin solution (Vector Laboratories) for another 30 min. Specific antibody binding was visualized using a standard diaminobenzidine peroxidase method. Immunofluorescence was performed for single staining for TRPV1 (1:500, polyclonal rabbit anti-TRPV1; Affinity BioReagents) in spinal cord and sciatic nerve and for double staining for TRPV1 [1:500, polyclonal goat anti-TRPV1 (Santa Cruz Biotechnology); this antibody produced identical immunostaining in DRG to that of polyclonal rabbit anti-TRPV1 using single staining] with receptor (1:500, polyclonal rabbit antireceptor; Gramsch Laboratories) in DRG. In brief, sections were air dried for 30 min, postfixed for 10 min in acetone at Ϫ 20°C, blocked with 10% BSA/PBS for 30 min, and incubated overnight at 4°C. On the following day, they were incubated for 2 h in a cyanine 3 (Cy3)-conjugated or Cy2-conjugated secondary antibody (1:100; Dianova).
Image analysis. Three sections from each animal for each marker were randomly collected. After immunostaining, they were viewed and digitized with a Zeiss Axiophot 2 microscope and quantitatively analyzed using Image Pro Plus software for DRG sections (version 4.0; Media Cybernetics) and NIH ImageJ software (version 1.38x) for spinal cord and sciatic nerve sections. All sections were captured with the camera settings held constant. The examiner was unaware of the identity of the slides.
For DRG sections, neuronal cell bodies were identified by the typical morphology and the presence of a nucleus. The density threshold for positive immunoreactivity (IR) was determined by averaging two or three cell bodies in each section that were judged to be minimally positive. All neurons for which the mean density exceeded the threshold were counted as positive, and the positive cells were expressed as a percentage of total counted DRG neurons [% ϭ (positive cells/total counted cells) ϫ 100]. The area of the TRPV1-IR neuronal profiles was measured and displayed as size-frequency distributions. Percentages of size frequency were calculated for each DRG as follows: % ϭ (positive cells within a size range/total neuronal cells) ϫ 100. To distinguish cell-size-specific changes, we characterized the DRG neurons as small-sized (Ͻ600 m 2 ), medium-sized (600 -1200 m 2 ), and large-sized (Ͼ1200 m 2 ) neurons, according to their cross-sectional area (Fukuoka et al., 2001) .
For quantitative analysis of TRPV1-IR in spinal cord, the outline of the superficial dorsal horn was manually traced (encompassing laminas I-II) for each image, and then an appropriate threshold was set such that only specific TRPV1-IR was accurately represented and light nonspecific background labeling was not detected. The threshold was the same for all images. The density limited to threshold in the outlined area was measured for each section. A mean value from both sides was determined for each rat. The relative TRPV1-IR density was shown as the ratio of the density of the treated groups to the control group. A similar approach has been used previously (Garrison et al., 1994; Martin et al., 1999) .
For quantitative analysis of TRPV1-IR in sciatic nerve, the procedures were the same with that of spinal cord except that the density was measured within a fixed box size of 190 ϫ 190 m (ϳ50% of the whole endoneural area) placed at the middle zone of the images. A similar approach has been used by others (Hartmann et al., 2004; Blesch and Tuszynski, 2007) .
Real-time PCR. In separate groups of rat treated with intrathecal 25% DMSO plus intraperitoneal NS (control group), intrathecal 25% DMSO plus intraperitoneal morphine (morphine group), and intrathecal MAPK inhibitors plus intraperitoneal morphine (inhibitor plus mor- Size-frequency analysis illustrates that TRPV1-IR is predominantly localized in small-sized DRG neurons of control and morphine-tolerant rats. Chronic morphine treatment significantly increased the expression of TRPV1 in both small-and medium-sized neurons (Ͻ600 and 600 -1200 m phine groups), the L4 DRGs, L4 -L5 spinal cord, and the mid sciatic nerve with a length of 1 cm were harvested on day 8 after the injections. Tissue homogenization and RNA isolation were performed as described previously (Chen and Sommer, 2007) . In brief, total RNA from each tissue was prepared using the TRIzol reagent (Invitrogen) and was quantified spectrophotometrically. Tissues were homogenized using a Polytron homogenizer (Kinematica). Relative TRPV1 mRNA levels were quantified with reverse transcription (RT)-PCR using the fluorescent TaqMan technology. Total RNA (500 ng) was reverse transcribed (TaqMan Reverse Transcription Reagents; Applied Biosystems) using random hexamers. PCR primer and probe specific for rat TRPV1 (Applied Biosystems identification number Rn01460299_m1) and 18S rRNA were obtained as TaqMan Predeveloped Assay Reagents for gene expression (Applied Biosystems). The 18S rRNA was used as an endogenous control. PCR was performed with equal amounts of cDNA in the GeneAmp 7700 sequence detection system (Applied Biosystems) using TaqMan Universal PCR Master Mix (Applied Biosystems). Reactions (total volume, 50 l) were incubated at 50°C for 2 min, at 95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Water controls were included to ensure specificity. Each sample was measured in triplicate, and data points were examined for integrity by analysis of the amplification plot. The comparative cycle threshold Ct method was used for relative quantification of gene expression. The amount of TRPV1 mRNA, normalized to the endogenous control (18S rRNA) and relative to a calibrator, is given by 2 Ϫ⌬⌬Ct , with Ct indicating the cycle number at which the fluorescence signal of the PCR product crosses an arbitrary threshold set within the exponential phase of the PCR, and ⌬⌬Ct ϭ [(Ct target (unknown sample) Ϫ Ct end.control
Western blot. In separate groups of rat treated with intrathecal 25% DMSO plus intraperitoneal NS (control group) and intrathecal 25% DMSO plus intraperitoneal morphine (morphine group), the L3-L5 DRGs, L4 -L5 spinal cord, and the mid sciatic nerve with a length of 1 cm were harvested on day 8 after the injections. Tissues were homogenized in PBS containing 1% Triton X-100 and then resuspended in Laemmli's sample buffer as described previously (Laemmli, 1970) . Equal amounts of protein (75 g) were fractionated by 10% SDS-PAGE and electroblotted onto a nitrocellulose membrane. Unspecific binding sites were blocked by incubation with 0.05% Tween 20 containing 5% nonfat milk in PBS. Nitrocellulose was first incubated with TRPV1 antibody (1:1000, polyclonal rabbit anti-TRPV1; Affinity BioReagents) and, after stripping, with a mouse monoclonal anti-␤-actin antibody (1:20,000; Sigma) for 12 h at 4°C. Primary antibody binding was detected using peroxidase-coupled anti-rabbit or anti-mouse secondary antibodies (1:3000; GE Healthcare) and the ECLTM Advance Western Blotting Detection kit (GE Healthcare) after washing three times for 10 min each with 0.05% Tween 20 in PBS. The specific bands were quantified by densitometric analysis using Image Pro Plus software.
Statistical analysis. For statistical analysis, SPSS (version 10.0) was used. Results are presented as means Ϯ SEM. The data were analyzed by Student's t test, one-way or two-way ANOVA, followed by Tukey's post hoc test to determine differences between groups. p Ͻ 0.05 was considered to be statistically significant.
Results

Development of morphine tolerance and associated thermal hyperalgesia
Injection of morphine produced robust analgesia to thermal stimuli on day 1 (see Fig. 5A ) ( p Ͻ 0.001). Although morphine consistently produced significant antinociception until day 8 when compared with control animals (see Fig. 5A ) ( p Ͻ 0.001), the effect of morphine gradually declined during chronic exposure from day 3 to day 8, indicating that the rats had developed morphine tolerance (see Fig. 5A ). Compared with PWLs of control rats on day 8 before the last NS injection, PWLs were decreased in morphine-tolerant rats when tested on day 8 before the last morphine injection (see Fig. 5B ) ( p Ͻ 0.001), indicating thermal hyperalgesia in morphine-tolerant rats. No significant changes in PWLs were detected throughout the whole observation period in control rats (see Fig. 5A ).
TRPV1 activation in DRG, spinal cord, and sciatic nerve after chronic morphine treatment TRPV1-IR was present in small-and medium-sized DRG neurons, in spinal laminas I and II inner and in sciatic nerve of ### p Ͻ 0.001, SB366791 ϩ Mor vs Veh ϩ Mor). Neither Veh ϩ NS nor SB366791 ϩ NS treatment altered pain thresholds throughout the observation period. Two-way (A) and one-way (B) ANOVA, followed by Tukey's test were used for statistical analysis. n ϭ 6 for each group.
control animals ( Fig. 1 A, C,E) , consistent with previous studies (Caterina et al., 1997 (Caterina et al., , 2000 Ji et al., 2002) .
To test whether morphine tolerance and associated thermal hyperalgesia were mediated by regulating TRPV1, we first examined TRPV1 expression in the DRG of morphine-tolerant rats. Using immunohistochemistry, 30% of all DRG neurons of control rats displayed IR for TRPV1 (Figs. 1 A, 2A) . After 8 d of morphine treatment, a significant increase of TRPV1-IR (44%) was observed (Figs. 1 B, 2A) ( p Ͻ 0.001). The percentage of TRPV1-IR was increased in both small-and medium-sized neurons (Ͻ600 and 600 -1200 m 2 , respectively; p Ͻ 0.001) ( Table  1, Fig. 1 A, B) . RT-PCR revealed no significant change of TRPV1 mRNA levels in the DRG after 8 d of morphine treatment (Fig.  2 B) .
The density of TRPV1-IR in the superficial dorsal horn (Figs.  1 D, 2C ) (1.6-fold increase; p Ͻ 0.001) and in the sciatic nerve (Figs. 1 F, 2E ) (1.8-fold increase; p Ͻ 0.001) was substantially increased after 8 d of morphine treatment relative to control animals. TRPV1 mRNA levels in the spinal cord (Fig. 2 D) (2.7-fold increase; p Ͻ 0.001) and sciatic nerve (Fig. 2 F) (3.9-fold increase; p Ͻ 0.001) were increased in morphine-tolerant rats.
To assess total protein levels of TRPV1, we performed semiquantitative Western blot analysis of the DRG, spinal cord, and sciatic nerve. No significant difference in total protein levels could be detected in tissues from DRG, spinal cord, and sciatic nerve between morphine-tolerant and control rats (Fig. 3) .
Colocalization of receptor with TRPV1 in DRG neurons
Double immunostaining was performed to determine the colocalization of receptor and TRPV1. Some small-sized DRG neurons contained IR for both receptor and TRPV1 in control and morphine-tolerant animals (Fig. 4C,F ) . Coexpression was seen in 8.8 and 17% of all neurons (percentage of expression relates to total number of DRG neurons; Student's t test, p Ͻ 0.001 between groups), in 31 and 37% of TRPV1-immunoreactive neurons ( p Ͼ 0.05), and in 44 and 59% of receptor-immunoreactive neurons ( p Ͻ 0.001) of control and morphine-tolerant rats, respectively.
Blockade of TRPV1 attenuates morphine tolerance and associated thermal hyperalgesia
Based on these observations, we then designed an experiment to ascertain whether alteration of TRPV1 by morphine might be involved in morphine tolerance and associated thermal hyperalgesia. Once daily intrathecal injection of SB366791, a selective TRPV1 antagonist (Gunthorpe et al., 2004; Lappin et al., 2006; Xu et al., 2007) , produced no effect on the basal thermal pain thresholds in rats receiving NS throughout the whole observation period (Fig. 5, SB366791 ϩ NS group). There was no significant difference in morphine-induced analgesia on day 1 between rats pretreated with vehicle and rats pretreated with SB366791. From day 3 to day 8 after morphine, however, rats pretreated with vehicle showed decreased PWLs, whereas the SB366791 pretreated ones displayed significantly longer PWLs (Fig. 5A) ( p Ͻ
Figure 6. Photomicrographs (A-D, F-I, K-N ) and quantification (E, J, O) showing p-p38-IR (A-E), p-ERK-IR (F-J ), and p-JNK-IR (K-O) in DRG neurons of the control, morphine, and the selective MAPK inhibitor pretreated control and morphine groups. Percentages of p-p38-, p-ERK-, and p-JNK-IR were increased after chronic morphine exposure (B, G, L and E, J, O; ***p Ͻ 0.001, Veh ϩ Mor vs Veh ϩ NS); this increase was reduced by treatment with the selective MAPK inhibitors (C, H, M and E, J, O;
### p Ͻ 0.001 for SB203580 ϩ Mor, U0126 ϩ Mor, or SP600125 ϩ Mor vs Veh ϩ Mor). No significant difference in the phosphorylation of MAPK was detected between control and the selective MAPK inhibitor pretreated control groups (SB203580 ϩ NS, U0126 ϩ NS, or SP600125 ϩ NS vs Veh ϩ NS). One-way ANOVA, followed by Tukey's test was used for statistical analysis. 0.001). Furthermore, the combined administration of SB366791 and morphine also effectively reduced the tolerance-associated thermal hyperalgesia when tested on day 8 (Fig. 5B) ( p Ͻ 0.001).
Inhibition of the phosphorylation of MAPK reduces morphine tolerance and associated thermal hyperalgesia
To determine the functional roles of phosphorylation of MAPK in morphine tolerance and associated thermal hyperalgesia, the activation of p38, ERK, and JNK in DRG neurons was investigated. After 8 d of morphine administration, the p-p38-, p-ERK-, and p-JNK-IR in the DRG neurons was increased compared with the control animals ( Fig. 6 ) (from 10.2, 4.6, and 3.6% to 27.6, 11.5, and 11.7%, respectively; p Ͻ 0.001), similar to the effect of chronic morphine on phosphorylation of MAPK in cultured DRG neurons (Ma et al., 2001) . In separate groups of rats, the selective p38, ERK, or JNK inhibitors, SB203580, U0126, or SP600125, respectively, were intrathecally injected once daily 30 min before each morning NS or morphine challenge. We found that these treatments did not significantly affect the basal levels of phosphorylation of MAPK in DRG neurons in rats receiving NS (Fig. 6 ) but inhibited the increase of p-p38-, p-ERK-, and p-JNK-IR in DRG neurons induced by chronic morphine (from 27.6, 11.5, and 11.7% to 18.55, 3.4, and 6.36%, respectively; p Ͻ 0.001) (Fig. 6) . Administration of the inhibitors SB203580, U0126, or SP600125 produced no significant changes in basal pain sensitivity in rats receiving NS throughout the observation period (Fig. 7) ; however, all of them significantly reduced both morphine tolerance (Fig. 7 A, C,E) ( p Ͻ 0.001) and associated thermal hyperalgesia (Fig.  7 B, D,F ) ( p Ͻ 0.001) .
Inhibition of the phosphorylation of MAPK reduces the increase of TRPV1 induced by chronic morphine
To examine whether the activation of MAPK has a role in the increase of TRPV1 induced by chronic morphine, the IR and mRNA for TRPV1 in the DRGs, spinal cord, and sciatic nerve were compared in the control, morphine, and MAPK inhibitor pretreatment groups. None of the selective MAPK inhibitors by themselves influenced the IR and mRNA levels for TRPV1 (data not shown). However, all of them not only suppressed the chronic morphine-induced elevation of TRPV1-IR in DRG neurons (Figs. 8 A-D,  9A ) (from 44 to 34.4, 34.0, or 36.7% for the p38, ERK, or JNK inhibitor pretreatment groups, respectively; p Ͻ 0.001), spinal cord (Figs. 8 E-H, 9C) (from 1.6-fold to 1.2-, 1.3-, or 1.1-fold for the p38, ERK, or JNK inhibitor pretreatment groups, respectively; p Ͻ 0.01 and p Ͻ 0.001), and sciatic nerve (Figs. 8 I-L, 9E) (from 1.8-fold to 1.2-, 1.2-, or 1.4-fold for the p38, ERK, or JNK inhibitor pretreatment groups, respectively; p Ͻ 0.01 and p Ͻ 0.001) but also greatly reduced the increase of TRPV1 mRNA levels in spinal cord (Fig. 9D) (from 2.7-fold to 1.0-, 0.98-, or 0.89-fold for the p38, ERK, or JNK inhibitor pretreatment groups, respectively, p Ͻ 0.001) and sciatic nerve (Fig. 9F ) (from 3.9-fold to 1.5-, 1.5-, or 2.1-fold for the p38, ERK, or JNK inhibitor pretreatment groups, respectively, p Ͻ 0.05 and p Ͻ 0.001). None of them altered TRPV1 mRNA levels in DRGs (Fig.  9B) .
Discussion
In the present study, we demonstrated that TRPV1 was increased in the DRGs, spinal cord, and sciatic nerve of rats after chronic morphine treatment. Antagonism of TRPV1 by the selective TRPV1 antagonist SB366791 suppressed morphine tolerance and associated thermal hyperalgesia. Furthermore, inhibition of p38, ERK, and JNK activation by the selective MAPK inhibitors not only reduced morphine tolerance and associated thermal hyperalgesia but also reduced the morphine-induced increase of TRPV-IR in the DRGs, spinal cord, and sciatic nerve and of mRNA levels in spinal cord and sciatic nerve. These results for the first time suggest that the activation of TRPV1, which is induced by chronic morphine application via MAPK signaling pathways, contributes to morphine tolerance and associated thermal hyperalgesia.
It has been suggested that tissue injury-or inflammationinduced hyperalgesia and morphine tolerance may share com- ### p Ͻ 0.001, SB203580 ϩ Mor, U0126 ϩ Mor, or SP600125 ϩ Mor vs Veh ϩ Mor). None of the inhibitors altered pain thresholds in rats receiving NS throughout the observation period. Two-way (A, C, E) and one-way (B, D, F ) ANOVA, followed by Tukey's test were used for statistical analysis. n ϭ 6 for each group. mon cellular mechanisms (Mao et al., 1995a; Mayer et al., 1999) . Previous studies indicated that TRPV1 can be activated by tissue injury or inflammation and is also modulated by numerous mediators, including growth factors, neurotransmitters, peptides or small proteins, lipids, chemokines, and cytokines (Ma and Quirion, 2007) . We found that chronic morphine exposure could increase TRPV1-IR in primary afferent neurons, as well as in spinal cord and sciatic nerve. In control rats, TRPV1-IR is predominantly in small-sized DRG neurons that are considered to be polymodal nociceptors with unmyelinated C-fibers. After chronic morphine treatment, the percentage of TRPV1-IR in small-sized DRG neurons was increased. Furthermore, there was an increased TRPV1-IR in medium-sized neurons with myelinated A␦ fibers, which are important in the development of hyperalgesia (Amaya et al., 2003) . These findings imply a potential role of TRPV1 in morphine tolerance and associated thermal hyperalgesia. Previous RT-PCR studies did not show an increase in TRPV1 mRNA levels in the DRG after carrageenan-or complete Freund's adjuvant-induced inflammation (Tohda et al., 2001; Ji et al., 2002 , Endres-Becker et al., 2007 . We also did not detect the increase in TRPV1 mRNA levels in the DRG of morphinetolerant animals. It is possible that chronic morphine enhances TRPV1 protein expression at the translational or posttranslational level in DRG neurons. In contrast, TRPV1 mRNA was increased in both spinal cord and sciatic nerve after chronic morphine treatment. It has been suggested that acute inflammation induced by carrageenan may induce bidirectional axonal transport of TRPV1 mRNA along primary afferents, and the mRNA may be involved in the biosynthesis of TRPV1 protein in the afferent terminals (Tohda et al., 2001) . It is possible that chronic morphine might also increase the bidirectional axonal transport of TRPV1 mRNA along primary afferents and thus increase the level of TRPV1 in spinal cord and sciatic nerve. Additionally, the increased TRPV1-IR in spinal cord and sciatic nerve in the present study might also derive from protein synthesized in the DRG neurons, because TRPV1 protein can be transported to both the central and peripheral terminals of the primary afferent neurons (Szallasi et al., 1995; Guo et al., 1999; Ji et al., 2002) . Considering that TRPV1-IR was almost abolished in rats that underwent dorsal rhizotomy (Guo et al., 1999; Valtschanoff et al., 2001) and no TRPV1 mRNA-positive cells could be detected in the dorsal horn in control rats (Tohda et al., 2001) , we think that the increase of TRPV1-IR in spinal cord mainly derives from axonal transport along primary afferents, as we hypothesized above. However, Doly et al., (2004) found that 7% of the TRPV1-IR in spinal laminas I and II is localized in astrocytes. We cannot completely rule out that chronic morphine treatment might also directly increase TRPV1-IR in cells of nonprimary afferent origin. Western blot semiquantitative analysis did not show significant differences in total TRPV1 protein in the investigated tissues, which is most likely attributable to lack of sensitivity. Given that the differences seen with immunohistochemistry were ϳ1.6 times, Western blot may not be sensitive enough to pick up this magnitude of difference. Another reason may be that the protein is denatured by the detergent, leading to conformational changes of the epitopes of the antibody binding sites (Burnette, 1981) . Double-immunofluorescence labeling showed the colocalization of TRPV1 and receptor in DRG neurons of control and morphine-tolerant rats, suggesting that chronic morphine treatment may directly or indirectly activate TRPV1 at the subcellular level. Considering that TRPV1 plays an important role in thermal transduction, our results suggest that the activation of TRPV1 may have some intrinsic activity in morphine tolerance and associated thermal hyperalgesia. Our following results confirmed this point.
Intrathecal pretreatment with SB366791, a selective TRPV1 antagonist (Gunthorpe et al., 2004; Lappin et al., 2006; Xu et al., 2007) , reduced morphine tolerance and associated thermal hyperalgesia without affecting the basal pain threshold of the control animals, suggesting that this receptor is involved in the effects induced by chronic morphine. Interestingly, acute morphine treatment inhibited, via a cAMP/PKA-dependent pathway, capsaicin-induced TRPV1 activity and thermal hyperalgesia (Endres-Becker et al., 2007) . These results suggest that the activity of TRPV1 plays a differential role in acute morphine analgesia and in chronic morphineinduced tolerance. The mechanisms by which antagonism of TRPV1 attenuates morphine tolerance and associated thermal hyperalgesia are still unknown. TRPV1 is regarded as a polymodal molecular integrator in thermal nociception. It is conceivable that the morphinetolerant rats with overexpression of TRPV1 are more sensitive to thermal stimuli compared with control animals. However, the contribution of TRPV1 goes beyond its role as a thermoreceptor. It has been shown that TRPV1-positive primary afferents are glutamatergic. Indeed, there is evidence that TRPV1 activation induces glutamate release (Li et al., 2004) , and the TRPV1 antagonist SB366791 can inhibit glutamatergic synaptic transmission in rat spinal dorsal horn after peripheral inflammation (Lappin et al., 2006) . Additionally, activation of TRPV1 evokes release of the peptide neurotransmitters, such as CGRP and SP, from central and peripheral endings of neurons, associated with nociceptive transmission and a neurogenic inflammatory response (Otsuka and Yoshioka, 1993; Geppetti and Holzer, 1996; Schicho et al., 2005) . Interestingly, sustained morphine exposure enhances capsaicinevoked release of the spinal CGRP (Gardell et al., 2002) . Given that these neurotransmitters are involved in morphine tolerance (Mao et al., 1994 (Mao et al., , 1995b Dunbar and Yaksh, 1996; Menard et al., 1996; Ma et al., 2000; King et al., 2005a,b; Ossipov et al., 2005; Vera-Portocarrero et al., 2007) , we propose that chronic morphine activates TRPV1, which, at least partly, through modulation of neurotransmitters such as glutamate, CGRP, and SP, contributes to the tolerance and associated thermal hyperalgesia.
MAPKs transduce a broad range of extracellular stimuli into diverse intracellular responses by producing changes in transcription as well as by posttranslational and translational modification of target proteins. A recent set of studies suggested that MAPK are involved in neuronal plasticity, including longterm potentiation, learning and memory, and pain hypersensitivity (Ji, 2004; Thomas and Huganir, 2004; Ji et al., 2007) . Here we found that chronic morphine induced an increase in the phosphorylation of p38, ERK, and JNK in DRG neurons, similar to the effect of chronic morphine on phosphorylation of MAPKs in cultured DRG neurons (Ma et al., 2001) . Inhibition of the p38, ERK, and JNK phosphorylation by intrathecal injection of the selective MAPK inhibitors inhibited the increase of the MAPK phosphorylation in DRG neurons. Our findings in the selective p38 inhibitor experiments are in accordance with previous data showing that inhibition of p38-phosphorylation attenuated morphine tolerance (Cui et al., 2006) . We have extended these findings and have shown that intrathecal pretreatment with the selective p38, ERK, or JNK inhibitors not only decreased morphine tolerance but also reduced the tolerance-associated thermal hyperalgesia. Activation of MAPK can regulate a variety of gene products, such as c-fos, brain-derived neurotrophic factor, neurokinin-1, and CGRP, through phosphorylation of CREB, which has been shown to be activated by chronic morphine treat- Figure 9 . Chronic morphine increases TRPV1-IR in DRG, spinal cord, and sciatic nerve and mRNA levels in spinal cord and sciatic nerve via the MAPK signaling pathway. Chronic morphine-induced increase of TRPV1-IR in DRG neurons (A) and enhanced density of TRPV-IR in the spinal superficial dorsal horn (C) and sciatic nerve (E) was reduced by pretreatment with the selective MAPK inhibitors (*p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001 for SB203580 ϩ Mor, U0126 ϩ Mor, or SP600125 ϩ Mor vs Veh ϩ Mor). Pretreatment with the selective MAPK inhibitors did not produce significant effects on TRPV1 mRNA levels in the DRGs (B) but greatly reduced the increase of TRPV1 mRNA levels in both spinal cord and sciatic nerve (D, F; *p Ͻ 0.05 and ***p Ͻ 0.001 for SB203580 ϩ Mor, U0126 ϩ Mor, or SP600125 ϩ Mor vs Veh ϩ Mor) of morphine-tolerant rats. One-way ANOVA, followed by Tukey's test was used for statistical analysis. n ϭ 6 for each group. ment (Lonze and Ginty, 2002; McClung and Nestler, 2003) . Previous studies demonstrated that TRPV1 expression could result from the p38 and ERK signaling pathway Bron et al., 2003; Zhuang et al., 2004) and that longlasting JNK/SAPK activation and c-Jun expression may participate in gene regulation (Kenney and Kocsis, 1998; Hou et al., 2003) in DRG neurons. In the present study, intrathecal application of the MAPK inhibitors suppressed the increase of TRPV1-IR in the DRGs, spinal cord, and sciatic nerve and of mRNA levels in spinal cord and sciatic nerve, induced by chronic morphine. Intrathecal administration of the inhibitors targeted to reach the DRG neurons inhibited the phosphorylation of MAPK, which in turn decreased the TRPV1-IR in DRG neurons in morphine-tolerant rats. The increase of TRPV1-IR in spinal cord and sciatic nerve was suppressed, possibly attributable to the reduction in TRPV1 protein transported from primary afferent neurons to both the central and peripheral terminals (Szallasi et al., 1995; Guo et al., 1999; Ji et al., 2002) . In addition, we cannot rule out the possibility that inhibition of the MAPK activation may have reduced the increase of TRPV1-IR in spinal cord and sciatic nerve by decreasing the bidirectional axonal transport of TRPV1 mRNA along primary afferents (Tohda et al., 2001) , which may subsequently lead to reduced synthesis of TRPV1 in spinal cord and sciatic nerve. Our data imply, therefore, that the activation of MAPK in DRG neurons induced by chronic morphine participates in morphine tolerance and associated hyperalgesia by regulating the downstream target TRPV1. In other words, the MAPK signaling pathway contains the upstream regulators of TRPV1, which contribute to the tolerance of morphine and associated thermal hyperalgesia.
In summary, our data suggest that the activation of TRPV1 in the CNS and PNS is involved in the tolerance to morphine thermal analgesia and its modulatory effects involve the activation of upstream MAPK. TPRV1 and MAPK may therefore be potential targets for reducing morphine tolerance.
